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Abstract 
During fatigue crack propagation experiments on a high alloyed steel under fully reversed loading conditions lock-in 
thermography measurements have been undertaken. The E-phase images of the thermography measurements were used to 
determine the size of the plastic zone. As expected, the measured plastic zone sizes are increasing with the stress intensity factor 
and were found to be independent of the crack length. Surprisingly a decrease of the crack propagation rate in experiments 
performed with a constant stress intensity (Kmax=const. and ΔK=const.) was observed. With increasing crack length the 
thermographic measurements showed an increase of the dissipated energies measured in front of the crack tip. These increasing 
dissipated energies in front of the crack tip seem to be responsible for the decrease of the crack propagation rate. The energies 
dissipated in front of the crack tip don’t directly correspond with the size of the plastic zone. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
Lock-In thermography is a well-established technique for measuring elastic stresses under cyclic loading 
(Harwood et al (1991)). Beside elastic stresses dissipative energies and thereby plastic deformation can be analyzed 
as shown by Brémond (2007). Therefore this method can be used to investigate the plastic zone of fatigue cracks. In 
this work the plastic zone and the energies dissipated during fatigue are investigated in a high alloyed steel. 
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2. Experimental Details 
2.1. Crack Propagation Experiments 
The experiments were undertaken with specimens of a high-alloyed steel (X5CrNi18-10, AISI 304) sheet 
material with a thickness of 4 mm. The SEN-specimens with a length of 80 mm and a width of 12 mm were 
produced from the sheet material. A starter notch with a length of 1 mm and a notch radius of 0.25 mm was 
machined into the specimens. In a distance of 4 mm symmetrical to the notch two pins for potential drop 
measurement have been mounted into the specimens (Fig. 1). 
The fatigue tests have been performed under fully reversed loading conditions at a frequency of 20 Hz using a 
servo-hydraulic testing machine with a DOLI EDC 580 controller. The machine is equipped with a specimen 
chamber and fixed grips to minimize bending forces (Fig.1). A detailed description of the equipment and the test 
methods are given by Bär and Volpp (2001). 
                          
Fig. 1. SEN-specimen with pins for potential measurement and specimen chamber with fixed grips. 
For crack length measurement the DC potential drop method was used. Therefore, a constant current was 
conducted through the specimen. The potential drop was measured between the two pins close to the notch of the 
SEN-specimen using an amplifier of the EDC 580 control electronics. The software allowed a calculation of the 
crack length and therefore the stress intensity during the experiment. This provides the possibility to control the 
stress intensity during the experiments and to perform experiments with constant stress intensity Kmax and ΔK.
2.2. Thermographic measurements 
The fatigue crack propagation experiments were accompanied by thermo elastic stimulated lock-in 
thermography. This method uses the thermoelastic effect for cyclic thermal stimulation. The investigations have 
been performed with a Cedip Titanium HD 560 camera and the software Altair LI. For analysis the software Altair 
LI delivers two different modes: the E-mode and the D-mode. The E-mode is based on the thermo elastic effect and 
can therefore be used for stress analysis as shown in Harwood et al (1991). The D-mode provides information about 
the dissipated energy as shown by Brémond (2007). With the integrated lock-in module it is possible to calculate the 
resulting amplitude of temperature variations (amplitude image) and the distribution of phase lags between the 
thermographic signal and the mechanical loading (phase image) for the E-mode and D-mode, respectively. As 
shown by Sakagami et al (2005) the D-Mode images can be achieved when the evaluation is performed with the 
double loading frequency. During the crack propagation experiments amplitude and phase images in the E- and D-
Mode were received from lock-in evaluations which were performed automatically in a defined interval. To enhance 
the emissivity of the specimen the surface was coated with a thin graphite layer. 
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3. Results 
3.1. Plastic zone size 
Investigations undertaken by Diaz et al (2004) and Patki and Patterson (2010) have shown that in front of crack 
tips due to plastic deformation the adiabatic conditions are lost. The lack of adiabatic conditions leads to a shift 
between the thermoelastic and the reference signal which can be seen in a change of the signal in the E-Phase image. 
Tomlinson and Patterson (2011) used this change in the Phase Angle to determine the size of the plastic zone. 
Fig. 2. E-Phase image of a crack. The diagram shows the change of the angle along the red line. 
Figure 2 shows an E-Phase image of a specimen with a fatigue crack. In the diagram the run of the phase angle 
along the red line in the image is shown. To determine the size of the plastic zone (rPhase) the width of the peak was 
measured. Due to the undulation of the phase angle beside the peak, an accurate determination of rPhase is difficult. 
          
Fig. 3. Measured plastic zone sizes rphase for experiments with constant force (a) and constant stress intensity Kmax and ΔK (b). 
The plastic zone sizes measured in experiments performed with a constant stress are shown in figure 3 (a). Due to 
the increasing crack length the rising stress intensity leads to an increase of the rphase values. All values measured on 
two specimen with a maximum stress of 4 kN and one specimen at Fmax= 5 kN are within one scatter band. The size 
of the plastic zone only depends on the stress intensity. The experiments performed with constant stress intensities in 
figure 3 (b) also showed that rPhase is increasing with the stress intensity. The measured values were found to be 
independent of the crack length. 
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3.2. ECCI-Measurements 
To get some independent information about the plastic zone size, Electron Channeling Constrast Imaging 
investigations have been performed. Therefore fatigued specimens were electro polished and investigated in a SEM. 
Figure 4 shows a typical ECC-Image of a specimen with a fatigue crack. Beneath the crack a zone with a fine 
fragmented structure is visible. This structure is typical for plastic deformation and therefore the extension of this 
zone can be used to determine the plastic zone size. In case of a specimen fatigued with a constant stress intensity of 
Kmax=25 MPa√m the fine fragmented zone has an extension of 40 to 80 μm in the loading direction on each side of 
the crack path. The size of the zone seems to be independent of the crack length. The large scatter can be contributed 
to the microstructure, especially to the orientation of the grains beneath the crack path. The plastic zone size 
determined with ECCI investigations are more than 10 times lower compared to thermographic measurements. 
Fig. 4. ECCI-Image of a crack tip. (Fmax= const.= 4 kN, a= 8,15 mm) 
3.3. Crack propagation rates 
A surprising result was found in the experiments with constant stress intensity (Kmax = const. and ΔK = const.). 
Although the stress intensity was kept constant, the crack propagation rates determined at higher stress intensities 
were found to be decreasing with increasing crack length (fig. 5). At a stress intensity of Kmax = 12 MPa√m the 
crack propagation rate was nearly constant over the complete experiment. With increasing stress intensity a decrease 
of the crack propagation rate was observed. The amount of the decrease is rising with the stress intensity. 
Fig. 5. Crack propagation rates in experiments with a constant stress intensity (Kmax = const. and ΔK = const.) 
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3.4. Dissipative Energies 
The dissipated energies in front of the crack tip and beside the crack path were determined in a crack propagation 
experiment with constant stress intensity at different times. In figure 6 (a) D-Amplitude images at two different 
times are shown. The energy dissipated in front of the crack tip is determined in a rectangular area with a constant 
size which is shifted with the propagating crack. The energy beside the crack path was also determined in a 
rectangular area. To cover the complete crack path the width of this area is increased with the crack length. 
         
Fig. 6. D-Amplitude image at different crack lengths (a) and summarized dissipated energies along the crack path and in front of the crack tip (b). 
Inside the investigated areas the D-Amplitude values of all pixels were summarized. The results are shown in 
figure 6 (b). In both investigated regions the summarized D-Amplitude values are rising with the crack length. In 
case of the area along the crack path the increase can be contributed to the increasing area. In front of the crack tip 
the investigated area has a constant size. Therefore the increase of the summarized D-Amplitude must be caused by 
processes in front of the crack tip. 
4. Discussion 
The experiments have shown that the determination of the plastic zone size from the E-Phase images provides 
reproducible results. As expected, the plastic zone size was found to be constant in experiments performed with 
constant stress intensity. In experiments with constant force the plastic zone size is rising with the crack length and 
delivers comparable values. 
In the literature a lot of models describing the size of the plastic zone are available. A selection can be found in 
Suresh (1991). In nearly all models the plastic zone size shows a quadratic dependence to the stress intensity. To 
analyze this correlation all measured plastic zone sizes rPhase are plotted against the stress intensity Kmax in figure 7. 
The data points clearly indicate that a quadratic law cannot describe the measured values. A good agreement is 
achieved when the data points are fitted using equation 1: 
0max0 KKrrPhase −⋅=   (1)
For r0 a value of 0.309 and for K0 a value of 3.69 is achieved with a least square fit. The K0 value agrees with the 
threshold Kmax,th determined on this material by Steinbock (2010) in crack propagation experiments using the same 
specimen geometry and experimental equipment. This result implies that below the threshold value, were cracks 
cannot propagate, no peak in the E-phase images can be observed and therefore the plastic zone size tends to zero. 
When the measured size of the plastic zone is taken into account, a basic assumption of the LEBM is not fulfilled. 
With crack lengths between 2 and 8 mm plastic zone sizes between 0.9 and 1.6 mm cannot be denoted as small 
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compared to the crack length. Perhaps this is also the reason why no quadratic correlation between rphase and Kmax is 
found. To confirm the correlation given in equation 1 experiments with lower stress intensities will be undertaken. 
Fig. 7. Size of the plastic zone determined from E-Phase images. 
Another interesting fact is the measured decrease of the crack propagation rate in the experiments with constant 
stress intensity. This effect may be contributed to the rising dissipated energy along the crack path and in front of the 
crack tip. When it’s assumed that the energy incorporated into the specimen is constant due to the constant stress 
intensity, less energy is available for crack propagation when the amount of dissipated energy is rising. The energy 
dissipated at the crack flanks may be attributed to friction and plastic deformation during the compression half cycle. 
The amount of the energy dissipated at the crack flanks depends solely on the crack length. To clarify if this effect is 
responsible for the decreasing crack propagation rate additional experiments at positive R-values will be performed. 
In the experiments performed with constant stress intensity the energy dissipated in front of the crack tip was 
found to increase with the crack length although the size investigated area was kept constant. Furthermore 
independent of the crack length the plastic zone showed a constant size. Obviously the energy dissipated in front of 
the crack tip is not correlated with the size of the plastic zone. To understand this fact it is necessary to perform 
additional experiments. 
The different sizes of the plastic zones determined by thermographic measurements and ECCI are 
understandable. To create a structure as it has been found in the ECC Images high deformation grades are needed. In 
case of thermographic measurements obviously even small deformations cause a distinct signal, in addition a 
broadening of the peak may be caused by heat flow. 
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